Introduction {#s1}
============

Organophosphate (OP) pesticides have been used for more than 50 y because they enhance crop yield and degrade rapidly. Some of the active pesticide, however, stays on food crops, and metabolites are often detected in human consumers ([@c15]). Most exposure in the general population is from diet ([@c34]; [@c45]; [@c51]), though other exposure routes can be important in selected populations ([@c19]). OP pesticide toxicity at high doses, via inhibition of acetylcholinesterase, has been well described ([@c38]); whether toxicity at lower doses occurs, via other mechanisms ([@c6]; [@c49]), is unclear. Because susceptibility to adverse effects on cognition may be greatest during early development, many studies of low-dose exposure have focused on prenatal exposure, and the results have been suggestive in some cases ([@c4]; [@c16], [@c18]; [@c21]) but inconclusive overall ([@c17]). This heterogeneity may be explained by underlying genetic factors, specifically the *PON1* gene, which may modify the association between organophosphate pesticide exposure and cognition ([@c17]; [@c28]). Although the use of OP pesticides has been reduced, recent data show that the levels of metabolites in population biomonitoring studies have been stable for at least the first decade of this millennium ([@c12]).

Among the dozens of OP pesticides in current use, some yield specific metabolites; most, however, degrade to one or more dialkylphosphates (DAPs), and the measurement of six DAPs in urine is the most-used method of estimating exposure to this class of compounds ([@c5]). The concentration of DAPs in urine reflects exposure in the past day or two, and individual exposure varies substantially from day to day, depending on diet ([@c45]). This intraindividual variability means that estimates of exposure are improved if urine specimens are collected from an individual at more than one point in time. Often, however, epidemiologic studies have had at most two urine specimens per subject, which may have limited their statistical power to detect adverse associations ([@c39]).

The present study examines maternal urinary concentrations of OP pesticide metabolites in relation to child nonverbal IQ at 6 y of age, with potential effect measure modification by the *PON1* gene. Maternal urinary concentrations of OP pesticide metabolites were measured at three time points during pregnancy in the present study, with the intent to reduce possible exposure misclassification.

Methods {#s2}
=======

Study Population and Follow-Up {#s2.1}
------------------------------

Generation R is a prospective population-based birth cohort designed to identify early environmental and genetic determinants of development throughout life and has been described in detail previously ([@c30]). Briefly, all mothers who resided in the study area in Rotterdam, Netherlands, and had a delivery date between April 2002 and January 2006 were eligible. Mothers were enrolled during pregnancy or in the first months after the birth of their child when newborns visited the routine child health centers. Among the 9,778 mothers who participated in the study, 8,879 (91%) were enrolled during pregnancy ([Figure 1](#f1){ref-type="fig"}). Among the 4,918 women enrolled during pregnancy between February 2004 and January 2006, spot urine specimens during early, middle, and late pregnancy ($< 18$, 18--25, $> 25\text{ \ weeks}$ of gestational age, respectively) were collected at the time of routine ultrasound examinations, which occurred throughout the day. In total, 2,083 women provided a complete set of three urine specimens. Mothers provided written informed consent for themselves and their children at the time of enrollment. The study protocol underwent human subjects review at Erasmus Medical Center, Rotterdam, Netherlands (institutional review board registration no. IRB00001482).

![Study sample selection ($n = 708$) from the overall Generation R cohort ($n = 9,778$). Note: CBCL, Child Behavior Checklist.](ehp-127-017007-g0001){#f1}

When the child was 6 y of age, families were invited to participate in an in-person follow-up to collect cognitive data, additional biospecimens, and sociodemographic and health data. Of the 2,083 mother--child pairs with three pregnancy urine specimens, 1,998 (96%) were followed to 6 y of age. From these 1,998 mother--child pairs with three prenatal urine specimens, women with missing data on maternal age and children with missing data on sex, birth weight, and without Child Behavior Checklist (CBCL) data at 6 y of age were excluded ([Figure 1](#f1){ref-type="fig"}). This resulted in a total of 1,449 mother--child pairs. From these 1,449 pairs, 800 mothers were selected using a random number generator for analyses of DAP metabolites in the maternal urine samples. Given our assumptions, 800 mothers was sufficient to provide 80% power to detect a 2-point decrement in IQ per $\log_{e}$ unit increase in average DAP concentration (calculations not shown). Next, 16 participants were excluded from the lab analyses due to insufficient urine specimens. The final analytic sample included 708 mother--child pairs with exposure and outcome data and who had a sufficient volume of urine for analysis.

Urine Collection and Analysis of DAP Metabolites {#s2.2}
------------------------------------------------

Details of maternal and 6-y-old child urine specimen collection have been described elsewhere ([@c31]). All urine samples were collected between 0800 and 2000 hours in $100\text{-}{mL}$ polypropylene urine collection containers that were kept for a maximum of 20 h in a cold room (4°C) before being frozen at $- 20{^\circ}C$ in $20\text{-}{mL}$ portions in $25\text{-}{mL}$ polypropylene vials. Measurements of six nonspecific DAP metabolites of OP pesticides were conducted at the Institut National de Santé Publique (INSPQ) in Quebec, Canada, using gas chromatography coupled with tandem mass spectrometry (GC--MS/MS) ([@c27]). Three dimethyl (DM) metabolites \[dimethylphosphate (DMP), dimethylthiophosphate (DMTP), and dimethyldithiophosphate (DMDTP)\] were determined, as well as three diethyl (DE) metabolites \[diethylphosphate (DEP), diethylthiophosphate (DETP), and diethyldithiophosphate (DEDTP)\]. The limit of detection (LOD) was $0.26\;\mu g/L$ for DMP, 0.40 for DMTP, 0.09 for DMDTP, 0.50 for DEP, 0.12 for DETP, and 0.06 for DEDTP. Measured values below the LOD were included in the data analysis. The inter-day precision of the method during this project, expressed as the coefficient of variation percent, varied between 4.2 and 8.8 for DEDTP, 4.1 and 7.2 for DEP, 5.0 and 9.1 for DETP, 5.5 and 7.1 for DMDTP, 5.3 and 8.0 for DMP, and 5.5 and 7.7 for DMTP based on reference materials (clinical check-urine level II 637 E-495 and MRM E-459).

Molar concentrations were used to facilitate comparison of our results with those from other studies, based on the following molecular weights: DMP 126.0, DMTP 142.1, DMDTP 158.2, DEP 154.1, DETP 170.2, and DEDTP $186.2\; g/\text{mol}$. To account for urinary dilution, creatinine concentrations were determined based on the Jaffe reaction ([@c7]; [@c37]). The limit of detection for creatinine was $0.28\text{ \ mmol}/L$, and the day-to-day coefficient of variation percent varied between 3.0 and 3.3.

Assessment of Child Nonverbal IQ at 6 y of Age {#s2.3}
----------------------------------------------

The children's nonverbal IQ was assessed by administering the Mosaics and Categories subtests from the Snijders-Oomen Nonverbal Intelligence Test--Revised, a well-validated instrument developed in Netherlands ([@c48]). These two language-independent subtests include items that probe visuospatial and abstract reasoning abilities and were selected because of the multiethnic composition of the Generation R Study. Raw scores were derived for each subtest and standardized to reflect a mean and standard deviation of the Dutch normative population for ages $2.5–7\; y$. The sum of the standardized scores of the two subtests was converted into the SON-R IQ score using age-specific reference scores provided in the SON-R $2½\text{-}7$ manual ($\text{mean} = 100$, $\text{standard\  \ deviation} = 15$). These standardized scores, based on the two subtests, correlated well ($r = 0.86$) with those based on the complete instrument ([@c24]).

Genetic Analyses {#s2.4}
----------------

In total, 474 children in the study sample had genetic data available from cord blood. Genotyping was performed using Illumina $610K$ and $660W$ arrays. Quality control included filters for sample ($\geq 97.5\%$) and single nucleotide polymorphism (SNP) call rates ($\geq 95\%$), minor allele frequencies (MAF; $\geq 1\%$), and deviations from the Hardy-Weinberg equilibrium ($p \leq 10^{- 7}$). We additionally checked heterozygosity, sex accuracy, and relatedness. From this data set we extracted information on rs705379 (PON1-108), rs705381 (PON161), rs854560 (PON1-L55M), rs854572 (PON1-909), and rs662 (PON1-Q192). Only the latter was directly genotyped, all others were imputed. We used Mach 1.0 ([@c33]) to impute to the 1000 Genomes Iv3 reference panel ([@c1]). All four imputed SNPs had excellent imputation quality (all $R^{2} > 0.95$) and high MAF (all $\text{MAF} > 26\%$). SNPs were included as allele dosages ranging from zero to two copies of the effects allele ([@c36]). See Table S1 for effect allele and SNP descriptive statistics.

Additional Data Collection {#s2.5}
--------------------------

Maternal reproductive, sociodemographic, and cognitive data were assessed by multiple questionnaires and instruments throughout the study. During pregnancy, data on maternal height and weight were collected as was information on maternal age, parity (0, 1, or $\geq 2$), smoking (no smoking during pregnancy, smoked until pregnancy was recognized, or continued smoking during pregnancy), alcohol intake during pregnancy \[no alcohol consumption during pregnancy, alcohol consumption until pregnancy was recognized, continued occasionally ($< 1\text{ \ glass}/\text{week}$), or continued frequently ($\geq 1\text{ \ glass}/\text{week}$)\], marital status (married/partner or single), household total net income \[$< 1,200\text{ \ euros\  \ per\  \ month}$ (i.e., below the Dutch social security level), 1,200--2,000 euros per month, $> 2,000\text{ \ euros\  \ per\  \ month}$, highest completed education level (low: $< 3\; y$ at general secondary school; intermediate: $\geq 3\; y$ of secondary education; or high: university degree or higher vocational training), and ethnicity (Dutch national origin, other-Western, or non-Western)\]. In addition, maternal dietary intake in the first trimester was assessed using a modified version of a validated semiquantitative food frequency questionnaire (FFQ), and the 293 food items were reduced to 24 predefined food groups (e.g., meat, grains, vegetables, fruits) according to the European Prospective Investigation into Cancer and Nutrition (EPIC)--soft classification, based on origin, culinary usage, and nutrient profiles ([@c47]; [@c51]).

An adapted Infant/Toddler Home Observation for Measurement of the Environment (IT-HOME) inventory ([@c9]) was administered during a home visit at approximately 3 months of age ($\text{SD} = 1.17\text{ \ months}$). The validated 29-item version of the IT-HOME was used to measure the events, objects, and social interactions experienced by the child in the family context ([@c41]). Higher scores on the IT-HOME indicate a more enriched environment.

Maternal nonverbal IQ was measured when mother--child pairs attended the 6-y examination, and was assessed using a computerized Raven's Advanced Progressive Matrices Test, set I ([@c40]). The test is a 12-item reliable and validated short version of the Raven's Progressive Matrices to assess nonverbal cognitive ability ([@c13]).

Statistical Methods {#s2.6}
-------------------

### Exposure. {#s2.6.1}

The three DM metabolites (DMP, DMTP, and DMDTP) were summed as total DM (nmol/L) and the three DE metabolites (DEP, DETP, and DEDTP) were summed as total DE (nmol/L). Total DAP concentrations (nmol/L) were calculated by summing the six metabolites. Urinary concentrations were expressed on a volume and creatinine basis (nmol/g creatinine). Missing DAP metabolite values and missing covariate data were imputed (10 times) with the Multivariate Imputation by Chained Equation (MICE) method in R (version 3.2.3; R Development Core Team) ([@c50]). DAP metabolite concentrations were $\log_{10}$ transformed before running the multiple imputation (MI) procedure. Child nonverbal IQ was included as a predictor but was not imputed. Apart from household income (13%) and the IT-HOME score (29%), the percentage of missing values did not exceed 10% before imputation.

### Statistical model. {#s2.6.2}

Initial exploratory data analyses suggested that the OP pesticide--nonverbal IQ associations were nonlinear in functional form and that multivariable models with $\log_{10}$-transformed exposure generally provided a better model fit than models with OP pesticide concentration untransformed (see Table S2). Thus, first, parametric models with DAP concentrations $\log_{10}$-transformed were fit to estimate the OP pesticide--nonverbal child IQ associations, and second, restricted cubic spline models were fit to describe the functional form of the exposure--outcome association utilizing the rms-package in R, which estimates a *p*-value for nonlinearity (i.e., statistically significant values indicate a departure from linearity) ([@c26]). These associations were graphically depicted by plots. In parametric models, nonverbal IQ associations for each urine collection phase (gestational age $< 18$, 18--25, and $> 25\text{ \ weeks}$) were modeled *a*) separately, *b*) as a single average of prenatal exposure, and *c*) for each urine collection phase modeled jointly (i.e., all three DAP concentrations included as three separate terms in each model). The first two regression models (model for each urine collection phase separately and the model for average prenatal exposure) consisted of an unadjusted model and an adjusted model. The third model consisted of a mutually adjusted model in which the three exposures from each time period were jointly estimated. The adjustment variables were maternal age, ethnicity, education, income, marital status, alcohol consumption during pregnancy, nonverbal IQ, body mass index (BMI), height, parity, and smoking during pregnancy; child sex; and the IT-HOME score. Potential adjustment variables were selected *a priori* based on previous studies of OP pesticides and child cognition and on biologically plausible covariate--exposure and covariate--outcome associations observed in our data ([@c4]; [@c16], [@c18], [@c17]; [@c21], [@c20]; [@c35]; [@c51]). Finally, to investigate whether the association of DAP concentrations on child IQ differed according to *PON1* genotype, the interaction between DAP concentrations and *PON1* genotype was formally tested using an *a priori* criteria for interaction of $p < 0.10$. Genetic analyses were carried out in both the full sample and in the Dutch national origin sample.

### Sensitivity analyses. {#s2.6.3}

First, values below the LOD were substituted with the LOD divided by the square root of 2, instead of using measured values as in the primary analyses. The replacement of values below the LOD with the LOD divided by the square root of 2 is a common substitution method in environmental exposure studies ([@c2]). Second, models were refit with metabolite concentrations expressed as nanomoles per liter with creatinine concentration added as a separate covariate ([@c37]; [@c44]). Third, models truncating the bottom and top 3% of exposure and child nonverbal IQ values were fit to test data robustness. Fourth, the primary models were adjusted for fruit and vegetable intake ([@c51]). Fifth, a multiple informants model was fit as an alternative strategy to model the OP pesticide concentrations collected at three points in time during pregnancy ([@c42]). Sixth, to examine potential selection effects by maternal education, interaction models to assess effect measure modification by maternal education were fit. Seventh, to examine potential sex-specific associations, OP pesticide × child sex interaction models were fit. Eighth, a "complete case" analysis of the data was conducted, utilizing only observations with complete data for all covariates. Ninth, summed models excluding DEDTP metabolites were fit because $> 80\%$ of concentration values were $< \text{LOD}$. Last, each of the two subtests making up the child nonverbal IQ score (Mosaics and Categories) were modeled as the outcome of interest, in place of the nonverbal IQ score, to assess the specificity of results.

Results {#s3}
=======

Sample Characteristics {#s3.1}
----------------------

Overall, the Generation R Study mothers were on average 30 y of age at enrollment (SD 5 y), and diverse with respect to ethnicity, education, and income ([Table 1](#t1){ref-type="table"}). Compared with all women in the Generation R Study, the women in the present analysis were more likely to be older, nulliparous, Dutch, highly educated, married, and to occasionally consume alcoholic beverages during pregnancy. Women were also more likely to have a lower BMI and a higher income. Compared with all Generation R Study children who attended the 6-y examination, the IT-HOME scores of our sample were slightly higher.

###### 

Characteristics of all Generation R cohort members and of the participants included in the analysis, and average dialkylphosphates (DAP) concentration and nonverbal IQ score by category of characteristics.

Table 1 lists characteristics of cohort members in the first column; the corresponding values for generation R cohort, number included in the analyses, average DAP exposure, and child nonverbal IQ score are listed in the other columns.

  Characteristic                                                                                                                                      Generation R cohort (%)[^*a*^](#t1n1){ref-type="table-fn"} ($n = 9,778$)    Included in the analyses (%)[^*a*^](#t1n1){ref-type="table-fn"} ($n = 708$)   Average DAP exposure \[median (25th--75th percentile)\][^*b*^](#t1n2){ref-type="table-fn"}^,^[^*c*^](#t1n3){ref-type="table-fn"}   Child nonverbal IQ score \[mean (SD)\][^*c*^](#t1n3){ref-type="table-fn"}
  --------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------- ----------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------
  Maternal and infant characteristics at time of enrollment                                                                                                                                                                                                                                                                                                                                                                                                                             
   Sex of infant at birth                                                                                                                                                                                                                                                                                                                                                                                                                                                               
    Male                                                                                                                                              50.6                                                                                                           51.3                                                                                                378 (263--511)                                                                                            103 (16)
    Female                                                                                                                                            49.4                                                                                                           48.7                                                                                                341 (248--480)                                                                                            102 (14)
    Missing (*n*)                                                                                                                                     153                                                                                                             ---                                                                                                                                                                                                               
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.064                                                                                                   0.289
   Age (y)                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
    $< 20$                                                                                                                                            4.2                                                                                                             1.7                                                                                                292 (229--477)                                                                                             97 (15)
    $20\; tο < 25$                                                                                                                                    15.9                                                                                                           10.2                                                                                                332 (250--456)                                                                                             91 (15)
    $25\; tο < 30$                                                                                                                                    26.4                                                                                                           26.4                                                                                                324 (245--476)                                                                                            103 (15)
    $30\; tο < 35$                                                                                                                                    36.9                                                                                                           45.8                                                                                                382 (257--519)                                                                                            104 (16)
    $\geq 35$                                                                                                                                         16.6                                                                                                           16.0                                                                                                384 (269--489)                                                                                            104 (13)
    Missing (*n*)                                                                                                                                     ---                                                                                                             ---                                                                                                                                                                                                               
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.076                                                                                                 $< 0.001$
   BMI (${{kg}/m}^{2}$)                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
    $< 18.5$                                                                                                                                          2.1                                                                                                             2.4                                                                                                365 (281--563)                                                                                             98 (21)
    $18.5\; tο < 25$                                                                                                                                  57.9                                                                                                           65.4                                                                                                378 (269--509)                                                                                            103 (15)
    $25\; tο < 30$                                                                                                                                    26.3                                                                                                           23.4                                                                                                344 (257--460)                                                                                            101 (15)
    $\geq 30$                                                                                                                                         13.8                                                                                                            8.8                                                                                                262 (196--427)                                                                                             99 (15)
    Missing (*n*)                                                                                                                                     899                                                                                                              3                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                           $< 0.001$                                                                                                 0.047
   Height in cm (quartiles)                                                                                                                                                                                                                                                                                                                                                                                                                                                             
    $< 161$                                                                                                                                           23.6                                                                                                           16.4                                                                                                343 (260--505)                                                                                             97 (15)
    $161\; tο < 168$                                                                                                                                  27.4                                                                                                           31.0                                                                                                349 (245--490)                                                                                            102 (15)
    $168\; tο < 173$                                                                                                                                  24.6                                                                                                           25.3                                                                                                343 (245--489)                                                                                            103 (15)
    $\geq 173$                                                                                                                                        24.4                                                                                                           27.3                                                                                                370 (279--511)                                                                                            105 (16)
    Missing (*n*)                                                                                                                                     934                                                                                                              1                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.709                                                                                                 $< 0.001$
   Parity (previous births)                                                                                                                                                                                                                                                                                                                                                                                                                                                             
    0                                                                                                                                                 55.1                                                                                                           61.5                                                                                                361 (258--502)                                                                                            103 (16)
    1                                                                                                                                                 30.2                                                                                                           27.3                                                                                                379 (271--502)                                                                                            102 (15)
    $\geq 2$                                                                                                                                          14.7                                                                                                           11.2                                                                                                295 (216--429)                                                                                            100 (14)
    Missing (*n*)                                                                                                                                     378                                                                                                              4                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.017                                                                                                   0.468
   Ethnicity                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
    Dutch                                                                                                                                             50.0                                                                                                           57.9                                                                                                370 (253--487)                                                                                            106 (15)
    Other-Western                                                                                                                                     11.6                                                                                                           12.4                                                                                                365 (283--514)                                                                                            101 (15)
    Non-Western                                                                                                                                       38.4                                                                                                           29.7                                                                                                335 (248--516)                                                                                             96 (14)
    Missing (*n*)                                                                                                                                     694                                                                                                             ---                                                                                                                                                                                                               
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.587                                                                                                 $< 0.001$
   Education                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
    Low (no education finished, primary education, lower vocational training, intermediate general school or $< 3\; y$ at general secondary school)   26.5                                                                                                           14.8                                                                                                315 (215--459)                                                                                             95 (16)
    Intermediate ($\geq 3\; y$ of secondary education, intermediate vocational training or first year of higher vocational training)                  30.7                                                                                                           30.0                                                                                                331 (247--478)                                                                                            100 (15)
    High (university degree or higher vocational training)                                                                                            42.8                                                                                                           55.2                                                                                                384 (280--509)                                                                                            106 (15)
    Missing (*n*)                                                                                                                                     1,221                                                                                                           24                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                           $< 0.001$                                                                                               $< 0.001$
   Household income per month (euros)                                                                                                                                                                                                                                                                                                                                                                                                                                                   
    $< 1,200$                                                                                                                                         20.7                                                                                                           12.6                                                                                                312 (219--465)                                                                                             96 (15)
    1,200--2,000                                                                                                                                      18.5                                                                                                           17.0                                                                                                320 (247--473)                                                                                            101 (15)
    $> 2,000$                                                                                                                                         60.8                                                                                                           70.4                                                                                                381 (278--501)                                                                                            105 (15)
    Missing (*n*)                                                                                                                                     3,066                                                                                                           90                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.007                                                                                                 $< 0.001$
   Marital status                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
    Married/living with partner                                                                                                                       85.5                                                                                                           90.3                                                                                                371 (267--504)                                                                                            103 (15)
    No partner                                                                                                                                        14.5                                                                                                            9.7                                                                                                268 (210--415)                                                                                            101 (16)
    Missing (*n*)                                                                                                                                     1,213                                                                                                           29                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                           $< 0.001$                                                                                                 0.211
   Nonverbal IQ score                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
    $\leq 85$                                                                                                                                         16.0                                                                                                           18.5                                                                                                321 (219--477)                                                                                             96 (14)
    $> 85\text{ \ to} \leq 100$                                                                                                                       43.1                                                                                                           44.1                                                                                                353 (263--507)                                                                                            102 (15)
    $> 100\text{ \ to} < 115$                                                                                                                         16.7                                                                                                           19.1                                                                                                373 (274--468)                                                                                            105 (15)
    $\geq 115$                                                                                                                                        14.1                                                                                                           18.4                                                                                                382 (252--501)                                                                                            107 (17)
    Missing (*n*)                                                                                                                                     3,427                                                                                                           16                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.263                                                                                                 $< 0.001$
   Smoking                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
    No smoking during pregnancy                                                                                                                       73.4                                                                                                           78.1                                                                                                375 (268--505)                                                                                            103 (15)
    Until pregnancy recognized                                                                                                                        8.6                                                                                                             8.5                                                                                                342 (258--500)                                                                                            102 (13)
    Continued during pregnancy                                                                                                                        18.0                                                                                                           13.4                                                                                                275 (186--469)                                                                                             98 (14)
    Missing (*n*)                                                                                                                                     1,534                                                                                                           61                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.001                                                                                                   0.008
   Alcohol beverage consumption                                                                                                                                                                                                                                                                                                                                                                                                                                                         
    No alcohol consumption during pregnancy                                                                                                           48.0                                                                                                           37.9                                                                                                329 (246--485)                                                                                             99 (15)
    Until pregnancy recognized                                                                                                                        13.2                                                                                                           17.3                                                                                                377 (268--516)                                                                                            104 (13)
    Continued occasionally ($< 1$ glass/week)                                                                                                         31.6                                                                                                           38.5                                                                                                381 (257--509)                                                                                            105 (16)
    Continued frequently ($\geq 1$ glass/week for at least two trimesters)                                                                            7.2                                                                                                             6.4                                                                                                349 (295--461)                                                                                            106 (14)
    Missing (*n*)                                                                                                                                     1,870                                                                                                           37                                                                                                     0.285                                                                                                 $< 0.001$
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Child at 6 y of age                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
   Total DAP in nmol/g creatinine (quartiles)                                                                                                                                                                                                                                                                                                                                                                                                                                           
    $< 144$                                                                                                                                           ---                                                                                                            24.6                                                                                                341 (248--483)                                                                                            100 (16)
    $144\text{ \ to} < 240$                                                                                                                           ---                                                                                                            24.9                                                                                                332 (244--457)                                                                                            103 (14)
    $240\text{ \ to} < 410$                                                                                                                           ---                                                                                                            25.4                                                                                                377 (266--503)                                                                                            102 (14)
    $\geq 410$                                                                                                                                        ---                                                                                                            25.1                                                                                                380 (268--519)                                                                                            104 (17)
    Missing (*n*)                                                                                                                                     ---                                                                                                             28                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.152                                                                                                   0.140
   Household income per month (euros)                                                                                                                                                                                                                                                                                                                                                                                                                                                   
    $< 1,600$                                                                                                                                         16.5                                                                                                           15.0                                                                                                320 (223--502)                                                                                             96 (16)
    1,600--4,000                                                                                                                                      49.2                                                                                                           47.0                                                                                                344 (252--475)                                                                                            101 (16)
    $> 4,000$                                                                                                                                         34.3                                                                                                           38.0                                                                                                390 (287--529)                                                                                            107 (14)
    Missing (*n*)                                                                                                                                     3,953                                                                                                           40                                                                                                                                                                                                                
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.001                                                                                                 $< 0.001$
  Child's home environments                                                                                                                                                                                                                                                                                                                                                                                                                                                             
   IT-HOME score[^*e*^](#t1n5){ref-type="table-fn"} (quartiles)                                                                                                                                                                                                                                                                                                                                                                                                                         
    $< 25$                                                                                                                                            36.3                                                                                                           22.6                                                                                                321 (224--469)                                                                                             97 (16)
    $25\text{ \ to} < 27$                                                                                                                             24.9                                                                                                           26.7                                                                                                362 (258--505)                                                                                            101 (15)
    $27\text{ \ to} > 28$                                                                                                                             18.2                                                                                                           19.4                                                                                                360 (264--491)                                                                                            103 (14)
    $\geq 28$                                                                                                                                         20.6                                                                                                           31.3                                                                                                376 (269--516)                                                                                            104 (16)
    Missing (*n*)                                                                                                                                     5,301                                                                                                           203                                                                                                                                                                                                               
    *p*-Value[^*d*^](#t1n4){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                             0.164                                                                                                   0.004

Note: BMI, body mass index; DAP, dialkylphosphates; IT-HOME, Infant/Toddler Home Observation for Measurement of the Environment inventory; ---, all dashes, except for those for the child DAP concentrations (as noted), mean "0" as in, no missing values.

Values presented are percentages of the study sample unless noted otherwise.

Average DAP exposure represents the average exposure during pregnancy (measured at three time points) in nmol/g creatinine.

Values presented are based on the study sample ($n = 708$).

*p*-Value calculated with the use of Kruskal-Wallis test for differences in average DAP concentrations across pregnancy and nonverbal IQ scores by characteristic.

IT-HOME inventory is a 29-item validated measure of the events, objects, and social interactions experienced by a child in the family context. IT-HOME was assessed by observation during home visits at average child age of 3.38 months ($\text{SD} = 1.17$).

The average DAP concentration in maternal pregnancy urine was higher among those who were older, had a lower BMI, higher income and education, and had partners ([Table 1](#t1){ref-type="table"}). Child DAP concentrations in urine were weakly associated with those in maternal pregnancy urine ($r < {|0.08|}$; see also Table S3). The child's DAP concentrations were also slightly positively associated with the HOME scores (not shown). Child nonverbal IQ scores were most strongly related to maternal ethnicity, education, and income and to their HOME score ([Table 1](#t1){ref-type="table"}).

DAP Concentrations {#s3.2}
------------------

Total DAPs comprised mostly dimethyl alkyl phosphates, and the distribution of concentrations was fairly stable across the three sampling periods ([Figure 2](#f2){ref-type="fig"}). As reported previously, the intraclass correlation coefficient for total DAP concentration across the three phases of pregnancy urine collection in this study was 0.38 ([@c46]).

![Dialkylphosphate concentrations on a creatinine basis in maternal urine among Generation R participants included in analyses ($n = 708$). Statistics were computed using reported values below the limit of detection. The outer limits of the boxes (left to right) represent the 25th and 75th percentiles; the vertical bars within the boxes represent the 50th percentiles. The whiskers indicate 1.5 times the interquartile range (IQR), and the values more than 1.5 times the IQR are represented as points. Diethyl alkyl phosphates is the sum of DEDTP, DETP, and DEP. Dimethyl alkyl phosphates is the sum of DMDTP, DMTP, and DMP. Total dialkylphosphates is the sum of DEDTP, DETP, DEP, DMDTP, DMTP, and DMP. Note: DEDTP, diethyldithiophosphate; DEP, diethylphosphate; DETP, diethylthiophosphate; DMDTP, dimethyldithiophosphate; DMP, dimethylphosphate; DMTP, dimethylthiophosphate.](ehp-127-017007-g0002){#f2}

DAP--IQ Associations {#s3.3}
--------------------

Overall, the estimated differences in child nonverbal IQ for a $\log_{10}$-unit increase in OP pesticide concentration were inconsistent between adjacent sampling periods ([Table 2](#t2){ref-type="table"}). The heterogeneity in association across sampling periods was statistically significant for total DAPs and dimethyl alkyl phosphates. For each 10-fold difference in total DAP concentration for the $> 25\text{ \ weeks}$ of gestation samples, however, adjusted child nonverbal IQ was 3.9 points lower \[95% confidence interval (CI): $- 7.5$, $- 0.3$\]. The results for dimethyl alkyl phosphate at $> 25\text{ \ weeks}$ of gestation showed inverse associations that were slightly stronger than for total DAPs or diethyl alkyl phosphates, but these estimates were essentially similar given the width of the 95% CIs for measures at $> 25\text{ \ weeks}$. A representative spline (mean of 10 restricted spline smooths from the MICE models) for total DAP concentration at $> 25\text{ \ weeks}$ of gestation is shown in [Figure 3](#f3){ref-type="fig"} and indicates a slightly steeper and inverse association between exposure and outcome at lower levels of exposure, and the *p* value for nonlinearity was 0.11. Restricted cubic splines of all 12 exposure--nonverbal IQ associations were largely consistent with results from parametric models (see Figures S1--S3).

![Restricted cubic spline of adjusted child nonverbal IQ scores and (untransformed) total DAP concentration. The solid line represents the estimated mean value of nonverbal IQ scores at each total DAP metabolite concentration, and the shaded area indicates the corresponding 95% confidence band for these estimates. Adjusted for age of the mother, sex of child, ethnicity categories (Dutch, other-Western, and non-Western), education (low, intermediate, and high), income (low, middle, and high), marital status, maternal alcohol consumption (no alcohol consumption during pregnancy, alcohol consumption until pregnancy was known, occasional alcohol consumption during pregnancy, and frequent alcohol consumption during pregnancy), maternal nonverbal IQ, BMI categories ($< 18.5$, 18.5--25, 25--30, $> 30{\,{kg}/m}^{2}$), height of the mother, parity categories (0, 1, $\geq 2$), IT-Home quartiles, and smoking categories (no smoking during pregnancy, smoked until pregnancy was known, smoked during pregnancy). Note: BMI, body mass index; DAP, dialkylphosphates; IT-HOME, Infant/Toddler Home Observation for Measurement of the Environment inventory.](ehp-127-017007-g0003){#f3}

###### 

Difference in cognitive test score at 6 y of age (and 95% confidence interval) per $\log_{10}$ nanomoles per gram creatinine increase in maternal urine dialkylphosphate metabolite concentration, by timing of pregnancy urine sampling and degree of adjustment ($n = 708$).

Table 2 lists dialkylphosphate types in the first column; the corresponding beta values and 95 percent confidence intervals for not adjusted, adjusted, and mutually adjusted are listed in the other columns.

  Dialkylphosphate type                                           Not adjusted   Adjusted[^*a*^](#t2n1){ref-type="table-fn"}   Mutually adjusted[^*b*^](#t2n2){ref-type="table-fn"}                               
  -------------------------------------------------------------- -------------- --------------------------------------------- ------------------------------------------------------ ------------------ --------- ------------------
  Dialkylphosphates (total)[^*c*^](#t2n3){ref-type="table-fn"}                                                                                                                                                             
   $< 18\text{ \ weeks}$ of gestation                               $- 0.7$                     $- 4.1$, 2.8                                         $- 1.9$                            $- 5.3$, 1.5     $- 1.8$     $- 5.3$, 1.6
   18--25 weeks of gestation                                          3.2                       $- 0.6$, 7.0                                           0.9                              $- 2.9$, 4.7       2.6       $- 1.4$, 6.6
   $> 25\text{ \ weeks}$ of gestation                               $- 0.8$                     $- 4.4$, 2.8                                         $- 3.9$                          $- 7.5$, $- 0.3$   $- 4.3$   $- 8.1$, $- 0.6$
   Mean of three urines                                               0.6                       $- 4.3$, 5.5                                         $- 2.5$                            $- 7.4$, 2.4                     ---
   *p* Homogeneity[^*d*^](#t2n4){ref-type="table-fn"}                                                                                                                                                                   0.051
  Diethyl alkyl phosphates[^*e*^](#t2n5){ref-type="table-fn"}                                                                                                                                                              
   $< 18\text{ \ weeks}$ of gestation                                 0.1                       $- 2.4$, 2.6                                         $- 1.4$                            $- 3.8$, 1.1     $- 1.5$     $- 4.0$, 1.0
   18--25 weeks of gestation                                          2.1                       $- 0.4$, 4.7                                           0.6                              $- 1.9$, 3.1       0.9       $- 1.7$, 3.5
   $> 25\text{ \ weeks}$ of gestation                                 2.2                       $- 0.3$, 4.7                                         $- 0.2$                            $- 2.8$, 2.3     $- 0.3$     $- 2.9$, 2.3
   Mean of three urines                                               4.4                         0.6, 8.2                                             1.0                              $- 2.8$, 4.9                     ---
   *p* Homogeneity[^*d*^](#t2n4){ref-type="table-fn"}                                                                                                                                                                   0.475
  Dimethyl alkyl phosphates[^*f*^](#t2n6){ref-type="table-fn"}                                                                                                                                                             
   $< 18\text{ \ weeks}$ of gestation                               $- 1.6$                     $- 4.9$, 1.7                                         $- 2.5$                            $- 5.7$, 0.7     $- 2.3$     $- 5.6$, 0.9
   18--25 weeks of gestation                                          2.6                       $- 1.0$, 6.3                                           0.7                              $- 3.0$, 4.3       2.3       $- 1.4$, 6.1
   $> 25\text{ \ weeks}$ of gestation                               $- 1.6$                     $- 5.0$, 1.9                                         $- 4.1$                          $- 7.5$, $- 0.7$   $- 4.3$   $- 7.9$, $- 0.8$
   Mean of three urines                                             $- 0.6$                     $- 5.4$, 4.1                                         $- 3.0$                            $- 7.7$, 1.7                     ---
   *p* Homogeneity[^*d*^](#t2n4){ref-type="table-fn"}                                                                                                                                                                   0.030

Note: BMI, body mass index; CI, confidence interval; DEDTP, diethyldithiophosphate; DEP, diethylphosphate; DETP, diethylthiophosphate; DMDTP, dimethyldithiophosphate; DMP, dimethylphosphate; DMTP, dimethylthiophosphate; IT-HOME, Infant/Toddler Home Observation for Measurement of the Environment inventory; ---, not applicable.

Adjusted for age of the mother, sex of child, ethnicity categories (Dutch, other-Western, and non-Western), education (low, intermediate, and high), income (low, middle, and high), marital status, maternal alcohol consumption (no alcohol consumption during pregnancy, alcohol consumption until pregnancy was known, occasional alcohol consumption during pregnancy, and frequent alcohol consumption during pregnancy), maternal nonverbal IQ, BMI categories ($< 18.5$, 18.5--25, 25--30, $> 30{\,{kg}/m}^{2}$), height of the mother, parity categories (0, 1, $\geq 2$), IT-HOME quartiles, and smoking categories (no smoking during pregnancy, smoked until pregnancy was known, smoked during pregnancy).

Adjusted model with the inclusion of the three exposures in one model.

Total dialkylphosphates is the sum of DEDTP, DETP, DEP, DMDTP, DMTP, and DMP.

Multiple-partial *F*-test used to test whether exposure from different time points relates in the same manner to nonverbal IQ scores.

Diethyl alkyl phosphates is the sum of DEDTP, DETP, and DEP.

Dimethyl alkyl phosphates is the sum of DMDTP, DMTP, and DMP.

The results among the subset of mother--child pairs with child data on genotype showed that there was no strong statistical support for heterogeneity in the nonverbal child IQ--DAP association by genotype, particularly considering the number of comparisons made (see Tables S4--S11). When the genetic analysis was restricted to Dutch national origin participants, the findings were again unremarkable (see Tables S12--S15).

Sensitivity Analyses {#s3.4}
--------------------

As noted above, the sensitivity analyses examined the effects of *a*) the $< \text{LOD}$ substitution method (see Table S16), *b*) adjustment of creatinine concentration as a separate covariate (see Table S17), *c*) the removal of extreme exposure and outcome values (see Table S18), *d*) adjustment for prenatal fruit and vegetable consumption (see Table S19), *e*) analyzing the data using a multiple informants model (see Table S20), *f*) examining effect measure modification by maternal educational attainment (see Table S21), *g*) examining effect measure modification by child sex (see Table S22), *h*) fitting a "complete case" only model (see Table S23--S24), and *i*) excluding DEDTP (i.e., including only those metabolites with at least 80% of values $> \text{LOD}$) (see Table S25). Finally, Mosaics (see Table S26) and Categories (see Table S27) were modeled as the outcome of interest in place of nonverbal IQ. The sensitivity analyses supported the results shown in [Table 2](#t2){ref-type="table"} and the absence of important differences when examining effect measure modification. However, with adjustment for fruit and vegetable intake, the associations tended to be more inverse.

Discussion {#s4}
==========

In this analysis of data on nonverbal IQ in children in relation to prenatal DAP concentrations in a diverse, urban population in Europe, evidence of an adverse association was weak overall, although there was some suggestion of an inverse relation between nonverbal IQ and late pregnancy urinary DAP concentration. Among the three groups of DAP metabolites analyzed, diethyl metabolites showed the weakest associations with child nonverbal IQ. Where inverse associations were suggested, the adjusted results were generally more strongly inverse than the crude results, consistent with negative confounding.

The results of our study share some consistencies with other published data. For example, in a pooled analysis of data on developmental indices at 2 y of age and DAPs measured in one or two prenatal urine specimens, there was a negative association at lower, as opposed to higher, concentrations of DAPs in three of the four pooled studies (with the fourth study showing linearity throughout the range of exposure), a finding similar to the pattern observed in our data ([Figure 3](#f3){ref-type="fig"}) ([@c17]). A larger negative association at lower concentrations was also present in Bouchard's study with IQ measured at 7 y of age ([@c4]). In that analysis of 7-y-old children from the CHAMACOS cohort, each 10-fold difference in total DAP concentration---in the second half of pregnancy---was associated with a 3.5-point lower Weschler Intelligence Scale for Children (WISC)-IV Full-Scale IQ score and a 3.1-point lower Verbal Comprehension score ([@c4]). Results from the present study are similar: Each 10-fold difference in total DAP concentration measured at $> 25\text{ \ weeks}$ was associated with a 3.9-point lower nonverbal IQ score. Results of our restricted cubic spline models illustrate that associations between DAPs and nonverbal IQ may be stronger at lower levels of exposure. There is evidence from animal and human studies that exposure--disease associations may not be linear ([@c8]). For instance, studies of lead exposure and child IQ have observed nonlinearity in the lead--IQ association across different persons, places, and times ([@c3]; [@c10]; [@c29]; [@c32]). For organophosphate pesticides, low-dose developmental toxicity may occur through noncholinergic mechanisms ([@c23]; [@c49]), which may have nonlinear dose--effect modes of action.

The timing of the DAP exposure assessment may explain differences across studies. Bouchard et al. ([@c4]) examined child IQ at 7 y of age in relation to urinary DAPs from either the first or second half of pregnancy; the DAP-IQ coefficient was negative for both periods, but more so for the DAPs in the second half of pregnancy. Our results also showed a larger negative association later in pregnancy. Other factors may also explain variation in the results across studies ([@c17]). For example, variation across studies in the degree of confounding by fruit and vegetable intake, or the degree to which urine DAP metabolites concentrations reflect exposure to the active pesticide rather than degradation products, especially in regions where a larger proportion of measured DAP concentrations is due to agricultural pesticide exposure ([@c25]) may explain differences across studies. Other potential reasons for variation may be in the types of pesticides used on food consumed in different countries or in the socioeconomic status (SES) of the studied populations. The authors of two recent studies of organophosphate pesticide metabolites and IQ speculated that a reason for the lack of association in higher SES populations was due to the protective effects of higher SES ([@c11]; [@c14]). In the present data, adjusted results were more inverse than the crude results, consistent with the possibility of residual confounding by SES or other lifestyle factors. Additionally, the instruments used to measure IQ differed across studies. The present study utilized a global, nonverbal measure of intelligence. Other studies utilized more complete IQ batteries such as the WISC that may be more sensitive to cognitive deficits because the instrument measures both verbal and nonverbal domains of intellectual function. For instance, in the CHAMACOS cohort, total DAP concentrations were associated with lower scores on the Verbal Comprehension Index, but scores on the Perceptual Reasoning and Processing Speed indices of the WISC-IV were less strongly associated with DAP concentrations, if at all ([@c20]).

In the present study, we did not observe any evidence of effect measure modification by the *PON1* gene allele. When we restricted the total sample to only those of Dutch national origin, results also did not show evidence of interaction by *PON1* genotype status. In other studies of effect measure modification by genotype, the results on cognitive measures and DAPs have been inconsistent ([@c18]; [@c20]). For example, Eskenazi et al. ([@c20]) observed that the association between DAPs and Mental Development Index scores was the strongest in children with PON1-108T allele, but this and other interactions between DAPs and *PON1* polymorphisms or enzymes were not statistically significant. On the other hand, Engel et al. ([@c18]) observed a statistically significant interaction ($p = 0.09$), showing a stronger inverse association between $\log_{10}$-DAP exposure and perceptual reasoning in children with the PON192QQ allele. Results based on mother and child genotypes tended to be similar within a given study ([@c18]; [@c20]).

The concentration of DAPs in urine only captures short-term exposure, which varies substantially from day to day, depending on diet. Although DAPs were measured at three time points, the average exposure may not have been accurately captured ([@c39]). Furthermore, the proportion of the DAPs measured that reflected exposure to the active pesticide rather than to inactive degradation products was unknown. The rate of degradation of organophosphate pesticides under specific field conditions is hard to predict ([@c22]). As noted above, the SES of the Generation R population in the present study was higher than for the Generation R cohort as a whole, which may be a reflection of our exclusion criterion of having three urine specimens during pregnancy. Our results therefore may not be generalizable to the Generation R population; however, as noted above, we saw no evidence of effect measure modification by education, suggesting that potential selection bias is unlikely to have materially affected our results. Among the strengths of our study were the relatively large size, the measurement of maternal DAPs at three time points during pregnancy, and a well-standardized and validated instrument for measuring outcome. Furthermore, as documented elsewhere, the median total DAPs among the Generation R Study mothers was more than 2-fold higher compared with background-exposed pregnant women in the United States living in nonagricultural communities, which suggests a greater range of exposure and statistical power with which to evaluate exposure--disease associations ([@c52]).

Conclusions {#s5}
===========

Organophosphate pesticide exposure is ubiquitous, and experimental data and evidence from accidental poisoning in humans indicate that it is neurotoxic. The present study, utilizing a well-characterized pregnancy cohort in Rotterdam, Netherlands, examined maternal organophosphate exposure in 708 pregnant women in relation to child nonverbal IQ at 6 y of age. OP pesticide exposure was characterized by six measured dialkylphosphate metabolite concentrations in pregnancy urine specimens at three time points, and child nonverbal IQ was assessed at 6 y of age, after school entry, when IQ tests tend to have greater predictive validity for aspects of learning such as school achievement ([@c43]). Our results suggest that typical, background OP exposures during pregnancy are not consistently associated with lower child IQ at 6 y of age in this population; however, there was some evidence that late pregnancy may be a susceptible period for adverse effects on cognition.
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